key intracellular signaling molecules that transduce downstream signals (20, 23) . Phosphorylation at the tyrosine residue Y1003, which is in the juxtamembrane domain, induces c-Met internalization via its interaction with c-cbl (22) . Phosphorylation at serine residue S985 negatively regulates HGF-mediated c-Met kinase activity (9, 11) and is therefore considered inhibitory. Protein kinase C (PKC)-␦ and -ε phosphorylate S985 of c-Met (11) . Overall, these studies suggest that tyrosine phosphorylation at Y1003 mediates c-Met internalization, whereas serine phosphorylation at S985 induces c-Met inactivation and trafficking to the cell-cell contacts. The involvement of PKC isoforms in tyrosine phosphorylation of epidermal growth factor receptor (EGF-R) has been reported (35) , whereas the role of PKC in c-Met Y1003 phosphorylation has not been studied.
The contribution of c-Met toward maintaining cell-cell junctions in the endothelium has been reported (19, 26) . Activation of c-Met promotes increased human endothelial barrier function via activation of glycogen synthesis kinase 3␤ (19) and hyaluronan receptor, CD44 (26) , and sphingosine 1-phosphate receptor 1 (8) . A major function of lung epithelium is to protect against the inhaled substances such as particle matter, pathogen, and smoke via maintaining epithelial barrier integrity. Recent studies have shown that c-Met interacts with E-cadherin, a major constituent of adherens junctions of epithelia (6, 18, 26) ; however, the role of c-Met in maintaining lung epithelial barrier integrity has not been investigated.
Lysophosphatidic acid (LPA) is a natural-occurring bioactive phospholipid that has been detected in plasma and bronchoalveolar lavage fluids. LPA regulates release of both proand anti-inflammatory factors, such as interleukin-8, PGE 2 , IL-13R␣2, and IL-33 decoy receptor, in lung epithelial cells (29, 37, 38) . Intratracheal injection of LPA attenuated lipopolysaccharide (LPS)-induced lung inflammation in a murine model of acute lung injury (12) , indicating a protective role of LPA in lung inflammatory diseases. In addition to its effects on regulation of inflammatory responses, the role of LPA in cytoskeleton rearrangement has been well demonstrated. LPA treatment induces cell migration, including lung epithelial cells (31, 32) . Our recent study has shown that LPA regulates lung epithelial integrity by inducing E-cadherin and c-Met serine phosphorylation and accumulation at cell-cell contacts (12, 36) . LPA induced serine phosphorylation of c-Met, leading to the inactivation of c-Met. HGF-induced c-Met activation and internalization was reversed by LPA treatment. The underlying mechanism involved serine phosphorylation of c-Met by PKC␦ (36).
Endotoxin-induced acute lung injury is characterized by increased cytokine release, neutrophil infiltration, and alveolarcapillary barrier dysfunction (2, 12, 34) . Our laboratory and others have shown that LPS induced lung endothelial and epithelial barrier disruption as evidenced by reduction of transepithelial and transendothelial resistance (TER) as well as increased dextran leak in a Transwell permeability assay (2, 12, 34) . LPS treatment induced E-cadherin internalization in lung epithelial cells (12) ; however, its effect on c-Met is not known. Here, we show that PKC␣ regulates LPS-induced tyrosine phosphorylation of c-Met at Y1003 and c-Met internalization, which is associated with lung epithelial barrier dysfunction. Furthermore, LPA treatment attenuates LPS-induced activation of PKC␣, Y1003 c-Met phosphorylation, and epithelial barrier dysfunction. This study is the first report demonstrating that c-Met trafficking in lung epithelial barrier function is regulated by LPS and LPA.
MATERIALS AND METHODS
Cell culture and reagents. Human bronchial epithelial cells (HBEpCs) were purchased from Lonza (Rockville, MD). The passage 1 HBEpCs were cultured in serum-free basal essential growth medium (BEGM) supplemented with growth factors (Lonza). Cells were incubated in a 5% CO 2 incubator at 37°C to ϳ80% confluence and subsequently propagated in six-well cell culture dishes. All experiments were carried out between passages 1 and 4. 1-Oleoyl (18:1) LPA and LPS were purchased from Sigma-Aldrich (St. Louis, MO). Myr-PKC peptide inhibitor was from Biomol (Plymouth Meeting, PA). Antibodies to PKC␣ and E-cadherin (K20) were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to phospho (p)-PKC␣, c-Met, p-Y1003-c-Met, and p-Y1230/1234/1235-c-Met were from Cell Signaling Technology (Danvers, MA). Horseradish peroxidaseconjugated goat anti-rabbit and anti-mouse secondary antibodies were purchased from Molecular Probes (Eugene, OR). ECL kit for detection of proteins by Western blotting was obtained from Amersham Pharmacia (Piscataway, NJ). Bronchial epithelial cell basal medium (BEBM) and a supplement kit were purchased from Lonza. All other reagents were of analytical grade.
Preparation of cell lysates and Western blotting. After the indicated treatments, cells were rinsed with ice-cold PBS and lysed in 150 l of lysis buffer containing 20 mM Tris·HCl (pH 7.4), 150 mM NaCl, 2 mM EGTA, 5 mM ␤-glycerophosphate, 1 mM MgCl 2, 1% Triton X-100, 1 mM sodium orthovanadate, 10 g/ml protease inhibitors, 1 g/ml aprotinin, 1 g/ml leupeptin, and 1 g/ml pepstatin. Cell lysates were sonicated on ice for 12 s and centrifuged at 500 g for 5 min at 4°C in a microfuge. Protein concentrations were determined with a BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL) using BSA as standard. Equal amounts of cell lysates (20 g) were subjected to 10% SDS-PAGE analysis, transferred to polyvinylidene difluoride membranes, blocked with 5% (wt/vol) BSA in 25 mM Tris·HCl, pH 7.4, 137 mM NaCl, and 0.1% Tween 20 (TBST) for 1 h, and incubated with primary antibodies in 5% (wt/vol) BSA in TBST for 1-2 h. The membranes were washed at least three times with TBST at 15-min intervals and then incubated with either mouse, rabbit, or goat horseradish peroxidase-conjugated secondary antibody (1:2,000) for 1 h. They were then developed with the enhanced chemiluminescence detection system according to the manufacturer's instructions.
Cell surface protein isolation. HBEpCs grown in D100 dishes were treated with LPS for 16 h. Cell surface proteins were isolated by the Pierce Cell Surface Protein Isolation Kit (Thermo Fisher Scientific) according to the manufacturer's instruction. Briefly, cell surface proteins were labeled with a cell-impermeable, cleavable biotinylation reagent, Sulfo-NHS-SS-Biotin, for 30 min at 4°C, followed by column purification. The isolated cell surface proteins were analyzed by Western blotting with a c-Met antibody.
Immunofluorescence staining. HBEpCs were grown in a glass chamber until ϳ80 -90% confluence. After treatment, cells were fixed with 3.7% formaldehyde for 20 min and then immunostained with E-cadherin (K20) (12) , c-Met, or V5 tag antibody followed by three washes and incubated with the fluorescent probe-conjugated secondary antibody. Images were captured by a Nikon ECLIPSE TE 300 inverted microscope.
Construction of c-Met wild-type and Y1003A mutant plasmids. Human c-Met cDNA was synthesized by RT-PCR using HBEpCs total RNA as a template. The primers are 5=-CACCATGAAGGC-CCCCGCTGTG-3= and 5=-TGATGTCTCCCAGAAGGAGGC-3=. The resulting PCR product was purified, followed by one-step cloning into a pcDNA3.1D/V5-His vector. The PCR conditions were as follows: 98°C for 15 s and 35 cycles of 98°C for 15 s, 58°C for 15 s, and 72°C for 60 s. The Y100A mutant was generated by a Site Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA) according the manufacturer's instructions (31, 33) . Human V5-tagged c-Met plasmid was used a template. The primers are 5=-ATCTTCTG-GAAAAGTAGCTCGGGCGTCTACAGATTCATTTGAAACC-3= and 5=-GGTTTCAAATGAATCTGTAGACGCCCGAGCTACTT-TTCCAGAAGA T-3=.
Transfection of small-interfering RNA of c-Met. Smartpool RNA duplexes corresponding to c-Met and scrambled control small-interfering RNA (siRNA) were purchased from Santa Cruz Biotechnology. Transient transfection of siRNA was carried out using Transmessenger Transfection Reagent (Qiagen, Chatsworth, CA). Briefly, siRNA (50 nM) was condensed with Enhancer R and formulated with Transmessenger reagent, according to the manufacturer's instruction. The transfection complex was diluted into 900 l of BEBM medium and added directly to the cells. The medium was replaced with complete BEGM medium after 3 h. Cells were cultured in the BEGM medium for 72 h.
Transfection of c-Met, c-Met mutant, and PKC␣ short-hairpin RNA plasmids. HBEpCs grown on six-well plates (60 -70% confluence) were transfected with V5-tagged-c-Met, c-MetY1003A, and PKC␣ short-hairpin RNA (shRNA) plasmids (2 g) using FuGENE HD transfection reagent according to the manufacturer's protocol. c-Met or c-Met Y1003A mutant transfected cells were analyzed after 48 h. PKC␣ shRNA transfected cells were analyzed after 72 h.
Measurement of transepithelial resistance by electrical cell impedance sensor. HBEpCs were grown to 100% confluence over gold microelectrodes. Transepithelial resistance (TER) was measured in an electrical cell-substrate impedance sensing system (Applied BioPhysics, Foster City, CA). The total TER measured dynamically across the epithelial monolayer was determined as the combined resistance between the basal surface of the cell and the electrode, reflecting alterations in cell-cell adhesion (12) .
Statistical analyses. All results were subjected to statistical analysis using Microsoft Excel, and, wherever appropriate, the data were also analyzed by Student's t-test and expressed as means Ϯ SD. Data were collected from at least three independent experiments, and P Ͻ 0.05 was considered significant.
RESULTS

LPS induces phosphorylation of c-Met at Y1003.
To investigate if LPS regulates c-Met phosphorylation, HBEpCs were treated with LPS (5 g/ml) for 0 -6 h. The cell lysates were analyzed by immunoblottings with antibodies to phospho-Y1003-c-Met, phospho-Y1230/1234/1235-c-Met, and total cMet. Tyrosine phosphorylation of c-Met at all the tyrosine residues was extremely low in untreated HBEpCs, whereas a strong band of total c-Met (ϳ140 kDa) was detected (Fig. 1A) . LPS treatment induced significant Y1003 phosphorylation of c-Met in a time-dependent manner after 3 h, without inducing phosphorylation at Y1230/1234/1235 and altering c-Met expression (Fig. 1, A and B) . Pretreatment with a specific c-Met tyrosine kinase inhibitor, PHA-665752 (1-100 nM), attenuated the LPS-induced Y1003 phosphorylation in a dose-dependent manner (Fig. 1, C and D) . These data demonstrate that LPS induced c-Met phosphorylation at Y1003 without affecting c-Met expression and other tyrosine residues.
PKC␣ mediates LPS-induced Y1003 phosphorylation of c-Met.
Tyrosine phosphorylation is negatively controlled by the activity of protein tyrosine phosphatases, which is subsequently regulated by PKC (25, 27) . We have previously shown that LPS induced activation of PKC␣ in lung epithelial cells (29) . To further investigate the role of PKC␣ in LPS-induced Y1003 phosphorylation of c-Met, cells were pretreated with Go-6976, a commonly used PKC␣ inhibitor, before LPS treatment. LPS-induced Y1003 phosphorylation of c-Met regulates c-Met internalization. Y1003 of c-Met is localized in the juxtamembrane domain, and its phosphorylation is known to regulate c-Met internalization and degradation (6) . We have shown that LPS did not reduce c-Met expression, although it induced phosphorylation of c-Met at Y1003 (Fig. 1) . We next investigated whether Y1003 phosphorylation of c-Met by LPS regulates c-Met internalization. HBEpCs were treated with LPS (5 g/ml) for 16 h, and then cell surface proteins were isolated by using Sulfo-NHS-SS-Biotin labeling. As shown in Fig. 3, A and B Figure 3 , C and D, shows that, in untreated cells, c-Met is predominantly expressed on the cell membrane, especially at the cell-cell contacts. LPS treatment reduced c-Met content on the cell membrane and increased its levels in the cytoplasm. We also treated cells with PHA-665752 or Go-6976 before LPS challenge. c-Met and PKC inhibitors both suppressed LPS-induced c-Met internalization (Fig. 3, C and D) . To directly determine the role of Y1003 phosphorylation in LPS-induced c-Met internalization, V5-tagged human c-Met wild-type and c-Met Y1003A mutant were overexpressed in HBEpCs before LPS treatment. As shown in Fig. 4, A and B 
, LPS induced c-Met wild-type internalization without altering c-Met
Y1003A expression on the cell surface. The data clearly exhibit that Y1003 phosphorylation of c-Met is the key to LPS-induced c-Met internalization.
Y1003 phosphorylation of c-Met regulates LPS-reduced TER.
We have earlier shown that LPS induced E-cadherin internalization, causing a reduction of TER (22) . The role of c-Met in the regulation of endothelial barrier integrity has been well studied (12, 36) ; however, the role of c-Met trafficking in the regulation of lung epithelial barrier integrity remains unclear. To investigate the role of Y1003 phosphorylation of c-Met in LPS-induced reduction of TER, cells grown on electrical cell impedance sensor chambers were treated with PHA-665752 or Go-6976 before the LPS challenge. Go-6976 slightly increased the TER, whereas PHA-665752 rapidly reduced the TER, which returned back to normal at 4 h. In agreement with our previous study (12) , LPS reduced TER in a time-dependent manner, whereas PHA-665752 or Go-6976 pretreatment partly rescued it in 8 -16 h (Fig. 5, A and B) . Furthermore, we found that overexpression of c-Met wild type attenuated the LPS-induced decrease in TER; the effect was further enhanced by overexpression of c-Met Y1003A . These results indicate that LPS-induced Y1003 phosphorylation of c-Met and c-Met internalization is involved in LPS-reduced lung epithelial barrier disruption.
c-Met is involved in LPA-induced lung epithelial barrier enhancement. Previous studies have shown that c-Met is associated with E-cadherin at cell-cell contacts (29)
. We have observed earlier that LPA rapidly increased TER in lung epithelial cells, which is dependent on E-cadherin accumulation at cell-cell contacts (22) . Here, we examined the role of c-Met in LPA-induced lung epithelial barrier enhancement. (Fig. 6, A and B) . The effect of c-Met siRNA on loss of c-Met expression was confirmed by Western blotting (Fig. 6C ). The data demonstrate that LPAinduced c-Met accumulation at cell-cell contacts contributes to the lung epithelial barrier integrity. We have shown that posttreatment of LPA reversed LPS-induced lung epithelial barrier dysfunction (12) . Furthermore, to test if LPA pretreatment could attenuate the LPS-induced decrease in TER, cells were treated with LPA (1 M, 1 h) before LPS (5 g/ml) for 16 h. As shown in Fig. 6D , the pretreatment of LPA significantly reversed the effect of LPS on lung epithelial barrier dysfunction.
LPA reversed LPS-induced c-Met internalization, Y1003 phosphorylation, and activation of PKC␣.
We have previously shown that LPA treatment induced serine phosphorylation of c-Met and c-Met accumulation at cell-cell contacts (29) . To investigate if LPA treatment reverses LPS-induced c-Met internalization, cells were treated with LPS for 16 h, followed by LPA treatment for a further 1 h. LPS treatment reduced plasma membrane c-Met content, whereas LPA posttreatment reversed the trend (Fig. 7, A and B) . Furthermore, we found that pretreatment with LPA attenuated LPS-induced phosphorylation of c-Met and PKC␣ (Fig. 7, C and D) . These results suggest that LPA reversed LPS-induced lung epithelial barrier dysfunction by reducing LPS-mediated activation of PKC␣, Y1003 c-Met phosphorylation, and c-Met internalization.
DISCUSSION
Overexpression of c-Met has been detected in a variety of human tumors, including lung cancers. c-Met activation regulates cell scattering, which has been implicated in cancer metastasis (5, 20) . Ligand-induced plasma membrane receptor internalization is a common process for controlling receptor of c-Met trafficking in the regulation of lung epithelial barrier function, providing a new therapeutic target to attenuate endotoxin-induced lung injury. Receptor tyrosine kinase internalization is regulated by phosphorylation at certain tyrosine residues, such as Y1068 and Y1086 in case of EGF-R internalization (13) . c-Met contains several tyrosine residues that are phosphorylated, such as Y1003 in the juxtamembrane domain, Y1231/1234/1235 in the kinase domain, and Y1349/1356/1365 in the COOH-terminal domain (20, 23) . The present study reveals that LPS induces tyrosine phosphorylation of c-Met at Y1003 that is known to be involved in the c-Met internalization. LPS, however, did not induce phosphorylation of any other known tyrosine residues in c-Met and c-Met expression. Phosphorylation of Y1003 c-Met by HGF is known to recruit c-Cbl, the E3 ubiquitin ligase that targets c-Met to proteasomal degradation (22) . Both HGF and LPS induce Y1003 phosphorylation of c-Met; however, only HGF promotes c-Met degradation. Unlike HGF (16, 36) , LPS failed to induce lung epithelial cell scattering (data not shown). The discrepancy between the LPS and HGF effects might be due to the fact that HGF phosphorylates several tyrosine residues of c-Met, whereas LPS appears to phosphorylate only Y1003. LPS is the ligand for Toll-like receptor 4 (TLR4), which plays an important role in innate immunity (1) . Cross talk between TLR4 and other cell surface receptors such as proteinase inhibitor receptor-2 (4), Fc␥ReceptorIII (CD16) (24) , and LPA receptor 1 Growing evidence suggests that PKC isotypes mediate cMet trafficking and activation (14, 15, 36) . Inhibition of PKC␣ blocked HGF-induced c-Met trafficking toward the perinuclear compartment, whereas PKCε activation contributed to c-Met trafficking back to the cell surface (14) . In lung epithelial cells, LPS treatment induced PKC␣ activation (3, 29) . We show here that PKC␣ modulates LPS-induced c-Met phosphorylation at Y1003 and internalization. Because PKC␣ is a serine/threonine kinase, the effect on Y1003 phosphorylation of c-Met must be indirect and might be mediated by the regulation of tyrosine phosphatase activity. Indeed, it has been known that PKC regulates tyrosine phosphatase activity, therefore mediating protein tyrosine phosphorylation. For example, PKC␦ associates with SHPTP1 tyrosine phosphatase, thus inducing phosphorylation and inhibition of SHPTP1 (25) . Receptor-type protein tyrosine phosphatase ␤ (RPTP-␤) is responsible for c-Met dephosphorylation (28) . Although the role of PKC in regulation of RPTP-␤ has not been reported, the phosphorylation of its isoform, RPTP-␣, has been known to be regulated by PKC (27) . We hypothesize that PKC regulates RPTP-␤ phosphorylation and activation, thus altering Y1003 c-Met phosphorylation. Future studies may investigate if the RPTP-␤ mediates LPS-induced Y1003 c-Met phosphorylation and internalization.
In addition to inducing cell scattering, c-Met activation has been implicated in strengthening cell-cell junctions (19, 26) . HGF activates c-Met, thus increasing lung endothelial barrier function (19, 26) ; however, it had no effect on TER in lung epithelial cells (data not shown). HGF-mediated increase in endothelial barrier integrity is dependent on the cross talk between c-Met and sphingosine 1-phosphate receptor 1 (7); however, sphingosine 1-phosphate receptor 1 expression is very low in HBEpCs (data not shown). Here, we show that the cross talk between LPS signaling and c-Met regulates lung epithelial barrier function. This is the first report to demonstrate that LPS induces Y1003 phosphorylation of c-Met at the juxtamembrane domain therefore increasing c-Met internalization and disrupting lung epithelial barrier integrity through PKC␣. This study provides a new target to prevent endotoxininduced lung injury by attenuating c-Met internalization.
